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ABSTRACT 


As  a  preliminary  to  the  study  of  group  frequencies 
present  In  substituted  cyclobutanes,  the  complete  vibrational 
spectra  of  the  model  compound  eye  I obutanecarboxy II c  acid  have 
beer,  recorded  on  the  crystalline  material.  A  tentative, 
approximate  vibrational  assignment  has  been  proposed  based  on 
these  spectra  along  with  the  Infrared  spectra  of  the  potassium 
salt,  cyclobutanecarboxyl Ic  acld-O-d,  eye  I obutanecarboxy 1 1 c 
acl d-a-d-O-d ,  eye lobutanecarboxy Me  acid-a-d  and  previous 
published  results  with  other  simple  cyclobutane  derivatives. 

The  spectra  of  crystalline  cyclobutanecarboxy I ic  acid  can 
best  be  Interpreted  In  terms  of  a  hydrogen  bonded  dimer 
structure  with  a  center  of  symmetry.  The  results  of  the 
ifotoplc  studies  Indicate  that  there  is  an  unusual  amoun*  of 
vibrational  coupling  between  vibra.ions  of  the  hydrogen  bonded 
ring  system  and  a  number  of  vibrations  of  the  cyclobutane  ring 
system. 

The  Infrared  spectra  of  fourteen  subs+!tuted  cyclobutanes 
have  been  recorded  over  the  range  4000-200  cm”1  at  both  room 
temperature  and  about  110°  K.  Attempts  have  been  made  to  find 
useful  spectra-structure  correlations  which  would  serve  for 
Identification  of  the  cyclobutane  ring  system.  Six  rather 
narrow  regions  of  absorption  have  been  Identified  In  which  nearly 
all  of  the  compounds  absorb,  but  the  correlation  bands  vary  In 
Intensity  rather  widely.  The  consistencies  of  the  absorptions 
nevertheless  Indicate  some  potential  for  their  use  In  detecting, 
or  confirming,  the  presence  of  the  cyclobutane  ring  system. 
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SECTION  I 


INTRODUCTION 


Although  there  have  been  several  reports  of  the  Infrared 
spectral  properties  of  substituted  cyclobutane  compounds  In 
an  effort  to  deduce  absorption  frequencies  characteristic  of 
the  cyclobutane  ring,  only  a  few  simole  substituted  cyclo¬ 
butanes  have  undergone  a  corrplete  vibrational  analysis. 
Because  of  our  general  interest  In  the  vibrational  spectra 
and  structures  of  organic  acids  and  salts,  we  became  in+er- 
ested  In  performing  a  spectral  analysis  of  cycl obu rane- 
carboxy lie  acid. 

Thomas,  Williams  and  Orv i I  I  e-Thomas ^  have  published  a 
partial  analysis  of  the  infrared  spectrum  of  cyclobutane- 
carboxylic  acid  as  a  part  of  a  larger  study  of  cyclobutane- 
carboxylic  acids  in  general.  Their  interpretation  was 
limited  due  to  a  lack  of  Raman  data  and  a  lack  of  low 
temperature  facilities  for  the  recording  of  the  infrared 
spectrum  of  the  solid.  They  were  able  to  draw  conclusions 
concerning  the  dimer-monomer  equilibrium  of  the  acid  l  r.  the 
vapor  and  dilute  solution  states;  to  show  evidence  for  a 
rotational  conformational  equilibrium  in  dilute  solution: 
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and  to  observe  results,  based  on  an  unpublished  assignment  , 
which  Indicated  that  the  molecular  structure  in  the  liquid 
state  was  such  that  the  alpha  hydrogen  atom  was  internal  Iv 
hydrogen-bonded  to  one  of  the  oxygen  atoms. 

This  last  conclusion  requires  a  structure  similar  to 
I  or  I  I  I  in  Figure  1,  where  the  structures  are  shown  in 
projection,  assuming  a  dimer  with  a  center  of  symmetry.  Of 
these  structures,  only  I  is  analogous  to  those  neneraily 
proposed  for  aliphatic  carbonyl  compounds  and  it  corresponds 
+o  a  less  stable  conformer.  Since  the  bond  angles  involved 

o  different  for  n  f ou r-ncn^rroH  rino  than  for  an 
acyclic  system,  the  same  conformational  stabilities  are  not 
necessarily  expected. 
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The  evidence  for  the  C-H - 0  hydrogen  oond  was  based  on 

the  assignment  of  the  alpha  carbon-hydrogen  stretch  at  2873  cm 

2  -1 
In  the  liquid  .  This  band  apparently  shifted  to  2909  cm  in 

the  vapor  state  and  this  large  shift  to  higher  frequency  is 

typical  of  the  results  which  occur  with  bond  stretchinq 

vibrations  when  a  hydrogen-bond  is  ruptured. 

In  this  paper  we  report  the  complete  infrared  and  Raman 
spectra  of  solid  eye lobutanecarboxy I i c  acid  and  propose  a 
tentative  assignment  of  the  observed  spectral  features.  The 
assignment  is  derived  by  comparison  of  the  observed  spectra 
with  the  solid  phase  infrared  spectra  of  potassium  cyclobutane 
carboxylate  and  the  following  deuterated  derivatives  of 
eye  I obutanecarboxv I i c  acid;  a~H,  0-D;  a-0,  o-H;  and  a-H,  O-n, 
where  a  refers  to  the  substituent  on  the  alpha  carbon  atom. 

The  assignment  is  limited  to  the  solid  since  the  spectrum  of 
the  liquid  acids  are  so  diffuse,  due  to  hydrogen  bondinq,  that 
a  valid  assignment  would  be  very  difficult.  The  solid  state 
spectra  are  much  sharper  and  better  defined. 
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SECTION  II 


EXPERIMENTAL 


Materials.  All  cyclobutane  derivatives  used  as  startinq 
materials  were  purchased  from  the  Aldrich  Chemical  Company, 
Inc.  Cyclobutanecarboxy li c  acid  was  distilled  under  reduced 
pressure  prior  to  use  and  constant  boiling  fractions  (56°C 
at  5mm  Hg)  were  utilized. 

Both  sodium  and  potassium  eye  I obutanecarboxy I  ate  were 
prepared  by  reacting  stoichiometric  quantites  of  sodium  and 
potassium  carbonate  with  eye lobutanecarboxy I i c  acid  in  an¬ 
hydrous  methanol .  The  methanol  was  then  evaporated  and  the 
salts  dried  at  100°C  in  vacuum.  Both  salts  are  hygroscopic 
and  difficult  to  handle,  but  the  potassium  salt  proved  less 
so  and  was  therefore  used  for  spectral  investigations. 

Cyc lobutanecarboxy I i c  acid-O-d  was  prepared  by  the 
deuterolysis  of  cyc I obutanecarboxy I Ic  acid  anhydride.  A 
semimicro  distillation  apparatus  was  dried  in  an  over,  al 
130°C  for  two  hours  and  then  rinsed  with  deuterium  oxide  in 
a  dry  nitrogen  atmosphere.  The  cyc ! obutanecarboxy 1 1 c  acid 
anhydride  was  placed  In  the  flask  along  with  D20  (10?  excess) 
and  a  small  amount  o *  sodium  carbonate.  The  mixture  was 
heated  at  40°C  for  30  minutes  !n  a  dry  atmosphere,  and  then 
distilled  to  obtain  cyclcbdtanecarboxy I i c  acid-O-d. 

Cyc lobutanecarboxy I i c  acid-a-d-0-d  was  prepared  by  a 
modification  of  the  method  of  Five  grams  of  1,1- 

cyc ! obutaned i carboxy I  I c  acid  wore  dissolved  In  15  ml.  of  0^0, 
al lowed  to  stand  for  72  hours  at  room  temperature,  and  then 
freeze  dried.  This  process  was  repeated  twice.  The  1,1- 
cyc I obutaned i carboxy I  1  c  acid(-0-d)2  was  ihen  transferred  to 
a  distillation  apparatus  which  had  been  dried  and  rinsed  with 
D20  as  described  above.  The  material  was  slowly  heated  to 
210°C  whereupon  the  liquid  began  to  bubble  vigorously  and  to 
gently  reflux.  The  reaction  may  be  represented  as 

heat 

c4h6(co2d)2 - ■>  c4h  d-co2d  +  c o2. 
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When  the  reaction  had  subsided  the  flask  was  cooled  and  the 
cycl obutanecarboxy I i c  acid-a-d-O-d  was  distilled. 

Cyc I obutanecarboxy I ic  ac i d-a-d-O-h  was  prepared  by  ex¬ 
change  using  cyc I obutanecarboxy I i c  acid-a-d-fi-  and  water 
(10  fold  excess),  followed  by  freeze  drying.  The  procedure 
was  repeated  twice  to  obtain  the  desired  acid. 

Spectra .  Infrared  spectra  (4000-200cm  S  were  recorded 

on  a  Perkin-Elmer  Model  225  Infrared  Spectrophotometer  using 
a  R I  I C  VLT-2  variable  temperature  infrared  cell  cooled  with 
liguid  nitrogen.  Infrared  spectra  (300-50  cm  S  were 
recorded  on  a  Perkin-Elmer  Model  301  Infrared  Spectropnotomete 
using  a  similar  cell.  Raman  spectra  were  recorded  on  a  Cary 
Model  81  Laser  Raman  Spectrometer  using  an  argon  Ion  laser. 

The  low  temperature  cell  for  the  Raman  spectrometer  has 
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been  previously  described  . 

A  typical  infrared  spectrum  of  solid  cyclobutane- 
carboxylic  acid  in  the  4000-200  cm  ^  region  is  reproduced  In 
Figure  2  and  the  corresponding  infrared  spectrum  of  the  liquid 
Is  given  for  comparison  in  Figure  3.  The  Raman  spectrum  of 
solid  cyc I obutanecarboyx I ic  acid  is  reproduced  in  Figure  4. 
Typical  infrared  spectra  of  the  solid  isotopically  substituted 
acids  are  given  in  Figures  5-7. 

The  proposed  assignment  for  the  fundamental  vibrations 
of  cyclobutanecarboxy I i c  acid  is  given  in  Table  I  and  the 
pertinent  data  for  the  other  compounds  are  given  in  other 
tables  in  the  text. 

The  error  in  the  reported  frequencies  is  estimated  to  be 
no  more  than  ±  2  cm  '  in  the  infrared  and  ±  5  cm  '  in  the 
Raman.  If  the  observed  frequencies  differ  by  more  than  ±  5  cm 
they  are  assumed  to  be  non-co i nc i der.t  and  dlie  to 
different  vibrations. 
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Figure  1.  Possible  Conformations  of  Cyc I obu+anecarboxy t i c  Acid  Dimers 


bu+aneca rboxy II c  Acid. 
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Figure  0.  The  Partial  Infrared  Spectrum  of  Crystalline  Cyclobutane- 
carboxylic  Acid-a-d. 


Table  I 


Proposed  Assignment  of  the  Vibrational  Fundamentals  of 
Cyclobutanecarboxy I ic  Acid.  (The  number  in  the  assign¬ 
ment  column  corresponds  to  the  number  of  fundamental 
vibrations  of  the  dimer  which  have  the  corresponding 
description). 


IR 


R 


Assignment 


3300-2800S 

3200-2700w 

2955vs~'l 

2991s* 

299 -sh  r 

2980sh* 

2982vs  J 

2970w* 

2970w 

2956s* 

2960s  ~\ 
2933m-s  / 

2925* 

2905* 

2872m* 

2866m  1 

1689vs 

1654m  f 

1481w"i 

i  t  v  I  W  w 

1 975w  J 

1 465w 

1 45 1 w  1452s 

1 44 1  w 
1428m* 


1430s 

1342m 

1  357mJ, 

1261s 

1  268w\ 

1250m 

1  254m 

1228s 

1  237m7 

VOH, 

(2) 

vch2 

,  Y  (4) 

VCH, 

(2) 

vch2 

,  8  (8) 

VC=0 

(2) 

6CH2 

sc.  i  ssors , 

Y<2) 

«CH2 

scf  ssors. 

8(4) 

60H 

i  n-p lane 

(2) 

vC-0 

(2) 

6CH 

(2) 

bch2 

wag  (2) 

YCH2 

wag  (2) 
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Table  I  (con’t.) 


IR 

R 

Assignment 

1222* 

1202w-m 

1227m  1 

1 207w-m J 

8CH2  wag  (2) 

1178* 

1 189w-m^ 

YCH2  twist  (2) 

1107* 

1  1 18w-i y 

vring  (2) 

1052m 

1021* 

1056*  \ 
1026s  j 

RCH2  twfst  (4) 

967m 

959s  y 

ring  breath  (2) 

940* 

944vs 

ring-carbon  stretch  (2) 
ring  deformation  (2) 

930s 

- 

60H,  in-plane  (2) 

930m* 

920sh* 

-  J 

RCH2  rock  <21 

920* 

922s 

6CH  (2) 

888* 

889w-m 

ring  deformation  (2) 

780w-m 

798*  ( 

779w  / 

8CH2  rock  (2) 

740w-m 

740m-s 

rinq  deformation  (2) 

672m 

667sh 

672m  j 

YCH2  rock  (2) 

568m 

568m 

6C0o  scissors  (2) 

464w-m 

460s 

6C02  rock  (2) 

327m 

326vw 

SC02  wag  (2) 
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Tfcble  I  (con't.) 


I  ft 


Assignment 


248m 

155m 
1 1  1w,b 


23  6w 


ring-carbon  bend  (4) 

ring  pucker  (2) 
vH-bond  (2) 

H-bond  bends  (4) 
torsions  (2) 


"Taken  from  the  spectrum  of  an  isotopically  substituted  compound 


SECTION  IV 


VIBRATIONAL  ASSIGNMENT 


Although  1+  Is  not  necessarily  true  that  a  given 
carboxylic  acid  exists  as  a  hydroqen-bonded  dimer  in  the 
liquid  or  the  most  stable  crystalline  phase,  it  has  been 
show-n  that  one  can  determine  this  structural  feature  by 
comparison  of  the  infrared  and  Raman  spectra  in  any  given 
phase.  In  simple  acids  the  dimer  possesses  a  center  of 
symmetry  and  the  Rule  of  Mutual  Exclusion  holds  so  that 
the  infrared  and  Raman  spectra  show  a  number  of  non¬ 
coincidences.  This  was  first  noted  with  reqard  to  the 

5 

carbony ’  stretching  vibration  by  Pavies  .nd  Sutherland' 
and  has  been  discussed  in  some  detail  by  Feairheller  and 
Katon^.  Although  such  behavior  in  the  solid  might  be 
ascribed  to  crystal  splitting  effects,  the  fact  that  It 
occurs  in  the  liquid  phase  and  Is  only  slightly  shifted  upon 
crystallization  indicates  that  the  results  are  due  to  an 
Intramolecular,  not  an  i ntermo I  ecu  I ar ,  phenomenon. 

As  a  result,  the  observed  spectra  must  be  treated  as 
arising  from  a  dimer  molecule,  even  to  a  zero-order 
tioprc  x  I  mat  i  on .  With  eye  I obutanecarboxy I i c  acid  this  leads 
to  tne  conclusion  that  one  must  interpret  the  spectrum  in 
terms  of  a  30  atom  molecule,  leading  to  84  fundamental 
vibrations.  If  the  selection  rules  were  to  hold  rigor¬ 
ously,  there  should  be  42  infrared  active  fundamentals  and 
42  Raman  active  fundamentals.  Seventy-eight  of  the  fundamentals 
vibrations  may  be  very  approximately  described  as  occurring 
in  pairs,  in  which  each  pair  consists  of  the  same  motior  of 
the  monomer  groups,  but  differing  with  respect  to  phase  (the 
remaining  six  are  the  so-called  hydrogen-bond  frequencies 
correspond i ng  to  the  motion  of  on®  monomer  urft  against  the 
other^).  Thus,  a  particular  pair  of  dimer  fundamental  vibra¬ 
tions  will  consist  of  an  in-pha^s  motion  of  the  two  consfituent 
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monomer  units,  symmetric  to  the  center  of  symmetry  and 
Raman  active,  plus  an  out-of-phase  motion  of  the  two 
constituent  monomer  units,  antisymmetric  to  the  center  of 
symmetry  and  Infrared  active.  Since  the  selection  rules 
will  not  hold  rigorously  in  condensed  phases,  however,  one 
would  expect  to  observe  some.  If  not  all,  of  the  funda¬ 
mental  vibrations  in  both  spectra.  Futhermore,  because 
the  components  of  a  given  pair  couple  with  other  vibrations 
In  different  ways,  the  two  components  will  not  occur  at 
tl.a  same  frequency.  Clearly,  such  complicated  specira  would 
be  extremely  difficult  to  assign  rigorously.  The  situation 
is  further  complicated  in  the  crystalline  solid  by  potential 
crystal  splitting  effects  arising  from  the  possibility  of 
interactions  between  two  or  more  molecules  In  the  unit  cell. 

A  comparison  of  Figures  2  and  3  show?  that  the  infrared 
spectrum  of  cyclobutanecarboxyl ic  acid  undergoes  unusually 
large  changes  on  crystallization.  There  ar  3  no  large  shifts 
and  no  readily  apparent  band  disappearances  (as  one  would 
expect  if  the  liquid  existed  as  an  equilibrium  mixture  of 
two  or  more  conformers),  but  there  Is  extensive  band 
sharpening  and  splitting.  The  large  number  of  observed  bands 
in  the  Infrared  and  Raman  spectra  of  crystalline  cyclobutane- 
carboxylic  acid  makes  it  pos  tble  to  carry  out  an  assignment 
consistent  with  a  very  large  number  of  fundamental  vibrations, 
but  In  many  cases  one  cannot  differentiate  with  certainty 
between  differing  intramolecular  fundamental  vibrations  and 
the  same  Intramolecular  fundamental  split  by  crystal  forces. 
The  detailed  assignment  which  Is  giver  here  neglects  crystal 
splitting,  but  it  must  be  remembered  that  the  small  splittings 
observed  may  be  due  to  I ntermo I  ecu  I ar  crystal  effects  rather 
than  to  slightly  different  Intramolecular  absorption  freq¬ 
uencies.  Nevertheless,  the  major  features  of  the  assignment, 
which  are  listed  In  Table  I,  and  thus  the  gross  structure  of 
the  molecule  seem  clear,  particularly  when  the  Isotopic  data 
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Is  considered,  end  so  the  remaining  uncertainty  involves 
only  the  details  of  the  assignment. 

Vibrational  assignments  have  been  published  for  four 
simple  cyclobutane  derivatives.  Although  there  is  some 
disagreement  between  authors,  the  most  consistent  series 
seems  to  be  that  of  Durig  and  co-workers  on  cyclobutyl 
chloride®,  bromide^,  fluoride^®,  and  cyclobutanol ^ .  The 
most  significant  of  these  is  probably  that  of  cyclobutanol 
since  a  larger  number  of  isotopically  substituted  derivatives 
of  this  molecule  were  also  studied.  We  have,  therefore, 
made  the  assignment  of  eye  I obutanecarboxy I i c  acid  consistent 
with  the  assignment  of  the  alcohol  In  those  cases  where 
there  seems  to  be  no  other  criterion  for  choice  between 
two  or  more  alternative  assignments. 

For  convenience,  the  following  abbreviations  are  used 
In  the  subsequent  discussion:  CBCA  -  eye lobutanecarboxy I ic 
acid;  Salt  -  potassium  cyclobutanecarboxy late;  ahOd- 
cyc I obu+anecarboxy I  I c  acld-O-d;  odOd  -  cyclobutanecarboxy  I  Ic 
ac I d-a-d-O-d ;  adOh  -  cyclobutanecarboxyl ic  ac I d-a-d-C-h ; 
dip  -  dimer  In-phase  vibration;  dop  -  dimer  out-of-phase 
vibration;  rip  -  ring  in-phase  vibration;  rop  -  ring  out- 
of-phase  vibration.  The  latter  two  designations  are  used 
for  vibrations  which  are  best  described  In  terms  of  the 
local  vertical  plane  of  symmetry  of  the  cyclobutane  ring,  e.g 
the  beta  vibral  al  modes.  «,  fl  and  y  refer  to  the 
positions  on  the  cyclobutane  ring,  v  and  6  rufer  to  bond 
stretching  and  bond  bending  vibrations. 

3500-2700  cm  ^  Region*  The  observed  data  in  this  region 
are  given  In  Table  '!,  where  the  assignment  column  refers  to 
the  assignment  of  CBCA. 

The  vOH  absorption  obscures  all  of  the  vCH  bands 
in  the  Infrared  spectrum,  but  because  of  Its  typically 
much  weaker  Raman  scattering,  the  vCH  bands  can  be  easily 
discerned  in  the  Raman  spectrum.  Both  vOH  and  vOD  have  the 
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typical  structure  associated  with  these  vibrations  In  organic 
acids  and  no  attempt  wa  ^adj  t*  assign  tr.ese  structural 
features. 

Probably  the  most  significant  feature  Is  the  assign¬ 
ment  of  the  aCH  stretching  mode.  Our  assignment  clearly 

2 

disagrees  with  that  of  Stein  ,  but  is  equally  clearly  assigned 
correctly  In  view  of  the  Isotopic  shift.  It  Is  assigned  In 
other  cyClobutyl  derivatives  In  the  range  2 943-3020  cm”*. 

The  aCH  is  a  weak  band,  but  is  quite  reproducible  in  the 
spectrum  of  ahOd  and  definitely  disappears  !r<  the  spectrum 
of  odOd.  These  results  lead  to  the  conclusion  that  there  Is 
no  evidence  for  an  r  tramo I  ecu  I ar  hydrogen-bond  involving 
the  alpha  hydrogen  of  CBCA,. 

The  3  and  yCl^  stretches  are  assigned  to  be  consistent 
with  the  corresponding  absorption  bands  in  cyclobutanol 
with  y,  3  antisymmetric,  and  3  symmetric  streiches  occurring 
with  descending  frequencies.  The  qualitatively  more  symmetric 
of  these  vibrations  are  assigned  to  the  stronger  Raman  bands, 
the  qualitatively  more  antisymmetric  are  assigned  to  the  strong 
Infrared  bands.  Not  all  of  the  In-phase,  out-of-phase  pairs 
are  spilt,  but  this  is  typical  of  the  spectra  of  acid  dimers**. 
1700-1300  cm  *  Region.  The  observed  data  In  this  region 
are  given  Ir  Table  III.  The  carbonyl  stretching  vibrations 
differ  In  i'he  Infrared  and  Raman  spectra  In  the  manner  expected 

5 

for  a  dimer  structure  .  The  various  scissors  modes  are 
assigned  as  In  other  cyclobutane  compounds  with  the  modes  due 
to  the  y  hydrogens  being  higher  In  frequency  than  those  due  to 
the  3  hydrogens. 

Tho  OH  in-plane  bending  mode  is  readily  ostermined  by 
comparison  with  the  OD  compounds  since  It  shifts  to  lower 
frequencies.  As  Is  usual  with  acid  dimers,  the  vC-0  vibration 
is  strongly  coupled  with  60H  but  not  with  600.  As  a  result,  *t 
shift,  upward  In  the  00  compounds.  The  behavior  of  both  60H 
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Table  I  I  » 


and  vC-0  on  deuteration  Is  well-known  and  has  been  thoroughly 
discussed  by  Hadzi  and  Sheppard1^. 

One  of  the  fJCH2  scissors  modes  Is  obscured  by  60H  in  the 
light  compound,  but  becomes  apparent  In  the  deuterated  deriva¬ 
tives  and  may  be  then  readily  assigned. 

The  50H  absorption  does  not  split  into  an  in-phase  and 
out-of-phase  pair,  but  the  600  does  in  ahOd.  This  difference 
In  splitting  of  pairs  of  dimer  vibrations  on  isotopic  substitu¬ 
tion  has  been  noted  previously  with  iodoacetic  acid13.  Detailed 
studies  of  various  deuterated  acetic  acid  monomers  has  shown 
alpha  hydrogen  modes  couple  with  dOH  and  vC-0  In  different  ways14, 
in  v.'ew  of  this,  and  the  fact  that  vibrational  coupling  must 
be  the  major  cause  of  the  frequency  splitting  of  phase  related 
pairs.  It  is  not  surprising  that  these  results  occur. 

1300-1000  cnT1  Region.  The  observed  data  are  given  In  fable  IV 
The  aC-D  bending  modes  split  considerably  further  than  do  the 
aC-H  bending  modes,  again  presumably  because  of  different 
coupling  behavior.  The  various  CH2  wagging  and  twisting  modes 
are  assigned  in  the  same  frequency  order  as  in  the  other  cyclo¬ 
butyl  derivatives10  and  the  highest  ring  deformation  in  all  these 
compounds  has  been  assigned  to  a  band  near  1100  cm-1. 

1000-600  cm  1  Region.  The  observed  data  in  this  region  are 
found  In  Table  V.  The  ring  modes  agree  well  with  other 
compounds  of  the  cyclobutyl  series.  The  60H  and  6CH  modes  are 
readily  assigned  from  the  deuteration  data,  but  again,  the 
splitting  of  the  phase  related  pairs  is  a  strong  function  of 
the  isotopic  substitution  in  the  case  of  the  6CH  modes. 

The  antisymmetric  BCH-  rocks  deviate  from  the  other  cyclo- 

^  -  1 

butyl  compounds  rather  widely  (about  100  cm  ).  This  Is  an 
extremely  large  deviation  compared  to  the  other  cyclobutane 

ring  modes  and  this  assignment  Is  therefore  somewhat  suspect. 

\ 

These  absorption  bands  can  only  be  observed  In  the  Od  compounds 
since  they  are  hidden  under  oOH  In  the  light  compounds.  It  Is 
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felt  that  the  present  assignment  gives  the  greatest  internal 
consistency.  These  Cl^  rocking  vibrations  are  known  to 
couple  strongly  with  other  Ci^  modes  in  straight  chain  com¬ 
pounds  and  this  may  be  the  cause  of  the  large  shift. 

There  are  not  sufficient  observed  bands  to  completely 
assign  all  bands  expected  in  this  region.  Two  extra  ring 
deformation  bands  are  expected  near  900  cm  1  and  must  be 
accidently  degenerate  with  other  bands.  They  were  selected 
to  correspond  with  the  strongest  Raman  band  in  this  region 
since  they  should  give  strong  Raman  banns. 

600- iOO  cm-1  Region.  The  data  for  this  region  are  qiven 

in  Table  VI.  The  assignments  in  the  600-300  cm  1  region  were 

made  primarily  by  comparison  with  reported  carboxylic  acid 
15  - 1 

spectra  .  The  band  at  248  cm  is  below  the  normal  acid 
frequencies  and  so  was  assigned  as  a  ring-carbon  bending  mode. 
All  of  these  descriptions  of  skeletal  bending  modes  must  be 
considered  as  very  approximate  since  they  are  surely  highly 
mixed.  The  ring  puckering  vibration  is  close  to  that  in  other 
cyclobutyl  derivatives.  The  hydrogen-bond  stretching  mode  Is 
low  compared  to  straight  chain  acids,  but  It  has  been  shown 
to  be  towered  by  a-  branching  and  falls  In  the  expected  r^lon 

for  such  a  compound  (compare  < CH_ > _  CH-C0,H,  which  has  vh  >nd 

.  ...  -1  .  ,16  5  c  * 
at  111  cm  ,  also) 

No  bands  were  observed  which  could  be  readily  assigned 
to  the  remaining  hydrogen  bond  bending  modes  or  the  torsional 
modes.  All  of  these  vibrational  modes  tend  to  be  weak  In  the 
Infrared  spectrum  as  well  as  the  Raman  spectrum. 
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SECTION  V 


CONCLUSIONS 

The  relatively  large  number  of  non-coincidences 
between  the  Infrared  and  Raman  spectra  indicate  that  the 
molecule  possesses  a  center  of  symmetry.  This  can  best 
be  explained  by  a  hydrogen-bonded  dimer  in  which  the 
two  rings  are  oriented  in  such  a  way  as  to  maintain 
the  center  of  symmetry  of  the  hydrogen-bonded  rinq  system. 

The  exact  conformation  of  the  rings  cannot  be  ascertained 
by  this  data,  but  it  must  be  concluded  that  there  is  no 
evidence  for  an  internal  hydroqen  bond  involvina  the  alpha 
hydrogen  and  therefore  no  evidence  that  structures  I  or  III 
in  Figure  1  represent  a  preferred  conformation. 

The  gross  assignment  of  frequencies  is,  In  most  cases, 
consistent  with  ass  I gm.'ents  of  other  cyclobutyl  systems. 

The  spectrum  has  been  assigned,  however,  by  neglecting 
both  crystal  effects  and  possible  overtone  and  combination 
bands.  It  is  therefore  unlikely  that  the  detailed  assign¬ 
ment  is  correct  In  all  of  its  aspects.  A  number  of 
fundamental  vibrations  have  been  assigned  as  being  accident¬ 
ally  degenerate.  It  Is  probable  that  some  of  the  weaker 
bands  observed  are  due  to  other  than  intramolecular 
fundamentals,  leading  to  still  further  accidental  degeneracies 
amongst  the  fundamentals.  The  choice  between  an  Intra¬ 
molecular  fundamental  and  another  vibrational  mode 
cannot  be  easily  made  with  these  absorption  bands,  however, 
and  the  present  assignment  does  have  a  certain  internal 
cons i stency . 

The  assignments  of  many  of  the  fundamentals,  especially 
those  based  on  the  deuteratlon  studies  seem  we' I 
founded,  however.  It  is  Interesting  to  note  the  dependencies 
of  the  frcqu-'-’cy  splittlrqs  of  the  phase-related  pairs  of 
vibrations  on  isotopic  subst  i  tut  !,'■>"  This  provides  further 
evidence  o'  the  complex  vibrational  couplings  present  in  acid 
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dimers.  Although  this  situation  has  been  realized  as  existing 
by  other  authors,  its  full  extent  has  probably  not  been 
widely  recognized.  It  is  probable  that  this  is  the  reason  for 
the  rather  extreme  difficulties  that  have  been  encountered 
in  making  completely  satisfactory  vibrational  assignments  for 
even  the  simplest  acids. 
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INFRARED  SPECTRA-STRUCTURE  CORRELATIONS  FOR 
SUBSTITUTED  CYCLOBUTANE  COMPOUNDS 


SECTION  I 
INTRODUCTION 

Because  of  widespread  Interest  amonq  oraanic  chemists, 

the  infrared  spectra  of  saturated  carbocyclic  systems 

received  a  good  deal  of  study  several  years  ago.  Althouqh 

a  certain  amount  of  success  was  obtained  in  soectra-structure 

correlations  for  some  of  these  classes,  the  data  on  the  four- 

membered  ring  compounds  was  less  clearly  defined  and  their 

interpretation  was  ambiguous.  This  early  work  has  been 

summarized  by  Bellamy^.  A  more  recent  study  by  Ulery  and 
2 

McClenon  reports  a  computer  summary  of  the  spectra  of 
‘•ubstituted  cyclobutanes  drawn  from  widely  diverse  sources 
and  of  questionable  quality. 

Much  of  the  conf-usion  with  reqard  to  the  interpretation 

of  the  spectra  of  this  class  of  compounds  arises  from  a 

lack  of  good  vibrational  assignment  data  on  simple  model 

compounds.  Due  to  recent  interest  in  detailed  assignments 

3  4 

of  such  compounds  '  this  problem  has  been  greatly  alleviated. 

The  availability  of  several  derivatives  of  cyclobutane 
has  prompted  us  to  record  their  infrared  spectra  on  the 
presently  available  high  resolution  instrumentation,  both 
at  ambient  temperature  and  at  relatively  low  temperature 
(about  120°K).  We  have  then  searched  for  useful  spectra- 
structure  correlations  utilizing  the  assignment  data  for 
simple  model  compounds  which  are  now  available  in  the  hope 
that  more  useful  conclusions  concerning  possible  correlations 
could  be  derived. 

5 

It  has  been  noted  by  Rothschild  that  the  spectra- 
structure  correlations  for  cyclopropanes  may  be  fortuitous  in 
that  correlation  bands  are  not  due  to  the  same  fundamental 
vibration.  Nevertheless,  as  pointed  out  by  Bellamy^,  the 
usefulness  of  such  correlations  for  Identification  is  not 
obviated  by  this  fact.  More  care  is  required  in  drawing 
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conclusions  concerning  structural  features  from  the  Infrared 
spectra,  however. 

In  view  of  the  ambiguities  previously  reported  with 
regard  to  the  infrared  spectra  of  cyclobutane  compounds, 
it  is  expected  that  a  similar  situation  occurs  with  these  com¬ 
pounds. 


I  1 ;  EXPERIMENTAL  METHOD 

AM  compounds  were  obtained  from  commercial  sources  and 
were,  for  the  most  part,  used  without  further  purification. 

The  spectra  of  the  solids  were  recorded  as  Nujol  and  hexachloro- 
butadiene  mulls  at  room  temperature.  The  spectra  of  the  liquids 
were  recorded  as  capillary  films  and  as  solid  films  at  low 
temperatures  (about  120°K)  by  the  use  of  an  R 1 1 C  VLT-2  variable 
temperature  ir  cell  utilizing  liquid  nitrogen  as  a  coolant. 

From  changes  in  the  spectra  on  cooling.  It  appeared  that  all 
of  the  liquids  crystallized  at  120°K. 

Infrared  spectra  were  obtained  on  a  Perkln-Elmer  Model 
225  ir  spectrophotometer  over  the  range  4000-200  cm-1  using 
cesium  iodide  cell  windows.  The  spectrophotometer  was  calibrated 
with  an  i ndene-cyclohexanone-camphor  mixture7  and  the  recorded 
frequencies  should  be  corroct  to  at  least  ±3  cm”^. 

III.  RESULTS  AND  DISCUSSION 

One  of  the  difficulties  with  characteristic  absorption 
bands  of  cyclobutane  derivatives  is  their  variable  and  oft  t 
rather  weak  intensities.  This  has  been  previously  noted  by 
Bellamy^.  The  ranges  for  these  absorptions  are,  however, 
reasonably  narrow  in  many  cases  and  therefore  do  provide 
potentially  useful  correlations.  No  attempt  was  made  to  deduce 
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correlations  in  the  carbon-hydrogen  stretching  region  since 
many  of  the  compounds  studied  possessed  OH  absorption  in  this 
region  which  obscured  the  CH  stretching  frequencies  and 
several  others  had  substituents  bearing  CH  groups  which  compli¬ 
cated  the  region  too  much  for  reliable  interpretation. 

Tables  I  and  II  give  the  measured  frequencies  for  the 
liquid  and  solid  compounds,  resoectively ,  in  the  regions  of 
interest.  This  data  is  summarized  in  Table  III  in  the  form  of 
a  list  of  characteristic  absorption  ranges.  The  intensities  of 
these  absorptions  are  all  quite  variable  within  the  series  of 
compounds.  Nevertheless,  nearly  all  of  the  compounds  absorb  in 
all  of  the  regions  and  the  fact  that  there  are  six  regions,  most 
of  which  are  reasonably  narrow,  seems  to  indicate  that  there 
Is  some  potential  for  Identification  of  the  cyclobutane  ring 
system. 

Assignments  are  also  given  In  Table  II  for  those  compounds 
which  have  undergone  a  detailed  frequency  assignment.  In  most 
cases  the  assignments  are  consistent,  but  this  is  not  always 
the  case.  The  correlation  range  1  has  been  assigned  to  a  flCHj 
twisting  mode  in  all  compounds  except  cyclobutyl  fluoride. 

However,  not  all  compounds  which  show  this  correlation  have  a 
BCH2  group  (e.g.  ct-truxillic  acid).  Ring  deformations  are  con¬ 
sistently  assigned  in  correlation  ranges  2  and  4  and  these  would 
be  expected  to  be  rather  reliable  group  frequency  ranges, 
although  range  4  is  rather  wide.  Range  3  is  consistently 
assigned  as  a  rocking  mode,  but  this  leads  to  the  same 

difficulties  that  have  been  mart-Moned  in  reoard  to  range  1.  The 
same  situation  occurs  with  range  5,  which  is  consistently  assigned 
as  a  YCH2  rock.  Range  6  has  been  assigned  as  a  ring-carbon 
bending  mode  in  cycl obutanecarboxy I  Ic  acid,  which  explains  its 
absence  in  cyclobutyl  fluoride,  bromide,  chloride  and  cyclo- 
butano I . 
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Table  I 


Observed  Absorptions  for  Liquid  Cyclobutane  Derivatives 
in  the  Characteristic  Frequency  Regions  of  Table  III. 


Compound 

Range 

Observed  Absorptions 

O 

Cyclobutyl  chloride 

1 

1 1 OOvvw 

2 

938m 

902m 

3 

815m 

780 

4 

715s 

5 

6 1 5vvw 

6 

- 

Q 

Cyclobutyl  bromide 

1 

1 086w 

2 

937vw 

3 

809vs 

4 

698vs 

5 

621w 

6 

278w 

248w 

Cyc 1 obutanecarboxy  1  ic 

ac  1  d 

1 

1102m 

2 

934m-s 

3 

777w 

4 

733w 

5 

681m 

6 

238w 

1 ,2-cyclobutane- 
d 1 carboxy lie  acid 

anhydr i de 

1 

1086s 

2 

926w 

3 

- 

4 

5 

— 

6 

- 

Cyc 1 obutanecarboxy 1 i c 

acid  chloride 

1 

1  1  0 1  w 

2 

960vs 

3 

800s 

4 

715s 

5 

668w 

6 

287vw 
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1-hydroxymethy I  - 
cyclobutanol  1 

2 

3 

4 

5 

6 

1 -Pheny I  eye lobu+ane 
carbon i tr i I e  1 

2 

3 

4 

5 

6 


1 1 19m 
922m 
784vw 
721m 
640vw 


1 095vw 
920m 
785w-m 
750vs 
690vs 
653m 
290w 


Cyci obu+y I -p-f I uoro- 
phenyl  ketone  1 

2 

3 

4 

5 

6 


1091m 
9 1  5w 
772w 
743m 
707w 
661m 
625w 
289w 


1 ,2-trans-cyc!o- 

butaned i carboxy I Ic 

ac I d  c h I  or i de  1 

2 

3 

*1 

5 

6 


1096w 
939s 
81 5m-s 
722s 
679sh 
648sh 
268w 


Cyc I obutano I ^  1  1092vs 

2  958s 

928m 

3  775vw 

4  750m 

5  606w 
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Table  II 


Observed  Absorptions  for  Solid  Cyclobutane  Derivatives 
In  the  Characteristic  Frequency  Regions  of  Table  III. 


Compound 

Range 

Observed 

Ass i gnment 

Absorptions 

Cyclobuty 1 

f 1 uor 1 de^ 

1 

1081sh 

CF  stretch 

2 

943s 

Ring 

breath 

933s 

Rl  ng 

def . 

3 

782w 

BCH, 

rock 

4 

753-1 

750}m 

4 

Rl  ng 

def . 

5 

597m 

yCH 

rock 

6 

- 

4L 

Cyclobutyl 

chloride® 

1 

1 lOOvvw 

RCH, 

Rl  ng 

twist 

2 

940w 

def . 

900w 

Rl  ng 

def . 

3 

81  5w 

6CH, 

rock 

4 

715s 

Rl  ng 

def . 

5 

- 

6 

- 

Cyclobutyl 

g 

bromide 

1 

1087w 

bch. 

twist 

2 

940w 

Ring 

def . 

3 

81 5vs 

Rl  ng 

breath 

308w 

BCH, 

rock 

4 

699s 

Rl  ng 

def . 

5 

625vw 

YCH, 

rock 

6 

- 

Cyc 1 obutano 

I10 

1 

1085s 

Rl  ng 

def . 

1 068w 

BCH- 

twist 

2 

932m 

CF  bend 

904vw 

Rl  ng 

def . 

3  (Raman 

only) 

781 

BCH, 

v  ock 

4 

750m 

R!n*J 

def . 

5 

5 

603w 

ych2 

rock 

34 
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6. 


7. 


8. 


9. 


Cyclobutanecarboxy I ic 
acid4 


Cyclobutanecarboxy I  ic 
acid  chloride 


1 , 1-cyclobutane- 
dicarboxyl  ic  acid 


O-Truxi I  I ic  acid 


1 ,2-cyclobutane- 
d i carboxy lie  acid 
anhydr i de 


1 

1052m 

PCH„  twist 

2 

940w 

Ring  def. 

930m 

8CH-  rock 

920w 

CH  Bend 

3 

780w-m 

RCH2  rock 

4 

740w-m 

Ring  def. 

5 

672m 

yCH2  rock 

6 

248m 

rina-X  bend 

1 

1099m 

2 

9 1 8vw 

3 

798s 

774m 

4 

710s 

5 

659w 

639m-s 

6 

282w 

1 

1 105w 

2 

916vs 

3 

800w 

772w 

4 

734w-m 

5 

688m 

6 

262w 

243w 

1 

1080m 

2 

930s 

3 

786w 

769w-m 

4 

732, 

725}m 

5 

692s 

6 

230vw 

1 

1093w 

2 

920s 

3 

800m 

4 

710m 

5 

700m 

6 

245w 
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10. 


1 -Phony  I  eye  I obutane- 
carboxy lie  acid 


11 


1 ,2-cis-cyclobutane- 
d i carboxy lie  acid 


12. 


13. 


Cyc I obu+y I -p-f I uoro- 
phenyl  ketone 


14. 


1 , 2-d i cyanocyc I o- 
bu+ane 


1 

2 

3 

4 

5 


2 

3 

4 

5 

6 


1 , 2-trans-cyc I obutane- 
d i carboxy lie  acid 
chloride 


1 

2 

3 

4 


1 

2 

3 

4 

5 

6 


1050w-m 
929m 
9  lOw 
780w 
730s 
695s 
622m 
270w 


1095m 

1086m 

910s 

772w-m 

725m 

647w 

280w-m 

262w-m 


1098m 
937m-s 
812s 
7 1 8vs 
645w 
265w 


1099m 
9  1 8w 
781s 
758s 
7 1 9m 
67  Im-s 
636w-m 
234w 


1061m 

918m 

796m 

750w 

696vw 

280w-m 
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15.  1-Pheny Icyclobutane- 

carbonftrlle  1 

2 

3 

4 

5 

6 


1078m 

928m 

794m 

759vs 

660m 


16.  Cyclobutyl  phenyl 

ketone  1 

2 

3 

4 

5 

6 


1  lOOw-m 
1086m 
916m 
795w-m 
778m-s 
733s 
695s 
650m-s 
259m 


17.  1 ,2-trans-cyclobutane- 

d I carboyy I  i  c  acid  1  1099w 

2  931s 
918s 

3  775vw 

4  735m 

5  689m 
634w 

6  272w-m 
232w 


18.  1 , 1 ,3,3-cyclobutane- 

tetracarboxyl lc  acid  1 

2 

3 

4 

5 

6 


1082w-m 

900m 

790m 

725w 

6?5m 

646m 

230w 


The  data  for  compounds  1-4  are  from  an  argon  matrix  of  the 
compound.  Compounds  6,  7,  9,  10,  11,  14,  16  and  17  are  liquid  at 
room  temperature  and  so  the  data  given  are  from  spectra  recorded 
at  1 20°K. 
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Tabl«  III 


Characteristic  Absorption  Ranges  of  Cyclobutane  Derivatives 


Absorption  Range 


Liquids 


Solids 


1 


1120-1080 

960-900 

815-750 

760-690 

680-605 

290-240 


1105-1050 

940-900 

815-770 

760-695 

700-595 

280-230 
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SECTION  IV 


CONCLUSIONS 


There  are  six  regions  of  the  infrared  spectrum 
in  the  2000-200  cm  *  range  in  which  nearly  all  of  fhe 
substituted  cyclobutanes  studied  absorb.  Unfortu¬ 
nately,  the  intensities  cf  the  absorption  bands~are  very 
variable  and  ibis  certainly  detracts  from  their  utility 
as  correlation  bards.  Nevertheless,  five  of  the  regions 
are  quite  narrow,  and  the  fact  that  the  absorptions  are 
so  consistent  does  lead  to  some  potential  for  their  use 
in  at  least  confirmatory  studies. 

It  is  clear  that  the  correlations  in  certain  of  the 
regions  are  fortuitous  in  the  sense  that  the  origin  of 
the  absorption  cannot  be  the  same  in  all  of  tne  compounds 
studied.  This  conclusion  is  based  on  the  detailed 
assignments  which  have  been  carried  out  on  several  simple 
substituted  cyclobutanes.  The  two  ranges  at  940-900  cm  1 
and  760-695  cm  1  in  the  solids  have  been  consistently 
assigned  as  ring  deformation  modes,  however,  and  therefore 
are  expected  to  be  more  reliable  than  those  assigned  to 
the  various  CH2  deformation  nodes.  It  would  probably  be 
profitable  to  study  the  Raman  spectra  of  these  compounds 
as  these  ring  deformation  modes  miqht  be  expected  to  give 
rather  intense  Raman  bands  and  they  might  be  even  better 
correlation  bands  in  the  Raman  spectra.  The  absorption 
range  at  280-230  cm  *  appears  to  be  due  to  the  ring- 
substituont  bending  mode  in  which  the  substituent  atom 
directly  bonded  to  the  ring  is  carbon.  This  miqht  prove 
to  be  quite  useful  in  differentiating  cyclobutane  deriva¬ 
tives  with  carbon  atom  substituents  from  those  In  which 
the  attached  atom  is  that  of  some  other  element. 


39 


Acknowledgement 


This  work  was  supported  in  part  by  the  U.  S.  Air 
Force  under  contract  #F33615-70-C-1021 .  Partial  support 
(J.E.K.)  from  the  Miami  University  Faculty  Research 
Committee  is  also  gratefully  acknowledged. 


40 


REFERENCES 


1.  L.  J.  Bellamy,  The  Infra-red  Spectra  of  Complex 
Molecules  (Wiley,  New  York,  1958),  2nd  Ed. 

2.  H.  E.  Ulery  and  J.  R.  McClenon,  Tetrahedron  1 0 , 

749  (1963). 

3.  J.  R.  Durig,  J.  N.  Willis,  Jr.  and  W.  H.  Green, 

J.  Chem.  Phys.  5_4,  1547  (1971  )  and  references  therein. 

4.  J.  E.  Katon,  R.  0.  Carter  and  W.  Yell  In,  to  be 
publ ished. 

5.  W.  Rothschild,  J.  Chem.  Phys.  44,  1712  (1966). 

6 .  L .  J .  Bell amy ,  Advances  I n  I nf rared  Groun  Frequencies 
(Methuen,  London,  1968). 

7.  R.  N.  Jones  and  A.  Nadeau,  Spectrochim,  Acta  20, 

1175  (1964). 

8.  J.  R.  Durig  and  A.  C.  Morrissey,  J.  Chem.  Phys.  46, 
4854  (1967). 

9.  J .  R.  Durig  and  W.  H.  Green?  J.  Chem.  Phys.  £7, 

673  (1967). 

10.  J.  R.  Durig  and  W.  H.  Green,  Spectrochim.  Acta  25A, 

849  (1969). 


41 


